Propolis, Volatiles, Phenolic C om pounds, Poplar Bud Exudate, GC-MS Propolis was analyzed by gas chromatography-mass spectrometry for both its headspace volatiles and for the less volatile com ponents o f its alcoholic extract (propolis balsam). 181 peaks were located o f which 171 representing 150 compounds were identified, including 28 identified in propolis for the first time. The majority o f compounds were typical o f poplar bud exudate.
Introduction
Propolis is the substance used by bees as a draught excluder and general purpose sealer for their hives. It usually consists of a mixture o f pop lar bud exudate and beeswax [1] . Propolis balsam (a 70% alcohol extract o f propolis which contains the bud exudate com ponents) is a popular herbal medicine [2] [3] [4] containing a num ber o f phenolic constituents with antim icrobial activity [4] [5] [6] , Bees appear to prefer to collect bud exudate from poplars of the Section Aigeiros, such as Populus nigra L., the European black poplar [1, 7, 8] , We have previously identified by gas chrom ato graphy-mass spectrometry (GC-MS) 104 com ponents in propolis balsam originating from P. x euramericana (Dode) Guinier, an intrasec tional hybrid between P. nigra and P. deltoides M arsh, the eastern cottonw ood o f N orth America [9] , That sample o f propolis contained compounds typical of Section Aigeiros poplars and essentially lacked com pounds typical o f poplars of other sec tions. We here describe the detailed analysis by GC-M S of both the headspace volatiles and other less volatile com ponents of a propolis sample which contains, in quantity, series of compounds, such as dihydrochalcones and sesquiterpenols, which are typical o f Section Tacam ahaca poplars [10, 11] , together with pinocembrin (3,5,7-trihydroxyflavanone) and pinocembrin derivatives which are typical o f Section Aigeiros poplars [12] [13] [14] , The sample of propolis described here (for ori gin and availability see M ethods) is therefore unReprint requests to W. Greenaway.
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Materials and Methods Reagents
Bis-(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% trim ethylchlorosilane (TMCS) was obtained from Sigma (Poole, U. K.).
Propolis
Propolis was collected from a single hive in Eng land at Buckland, Oxfordshire. The propolis (45 g) was "manufactured7 by the bees during a four week period (late May to early June) and used to con struct a screen restricting the entrance to the hive. The propolis has been deposited with Professor E. Wollenweber, Institut für Botanik der Techni schen Hochschule, D arm stadt, D-6100 D arm stadt, F.R.G ., from whom samples may be re quested for use as 'standards' in future work.
Analysis o f components ofpropolis
The volatile and non-volatile fractions o f pro polis were prepared and analyzed using different methods.
The volatile fraction was trapped on Tenax GC (an activated carbon), desorbed by flash heating, and analyzed in a Hewlett-Packard GC-M S sys tem using a polar GC column.
The less volatile com ponents were derivatized with trimethylsilyl reagent, to render them volatile for gas chrom atography, and analyzed in a Finnigan 1020 GC-MS system on a non polar GC column. These different methods are described in detail below.
Trapping and analysis o f headspace vo la tiles
Headspace volatiles (i.e. those compounds which are naturally emitted as a vapour) from 45 g of propolis kept at room tem perature (ca. 25 °C) in a 450 ml glass vessel were drawn for 16 h at 1.25 ml per min through a Scientific Glass Engi neering (Victoria, Australia) desorption tube (P/N 093 259) packed with Tenax GC, 3 0 -6 0 mesh ASTM , occupying a space o f 7 cm x 0.7 mm. Com pounds trapped on Tenax were desorbed by heating the tube at 240 °C in a Thames C hrom a tography (M aidenhead, U .K .) Desorb 100 unit. The Desorb 100 unit was installed in the helium carrier gas line of a Hewlett-Packard 5890 gas liq uid chrom atograph (GLC) prior to the standard injector inlet.
Constituents o f the desorbed volatiles were se parated in the Hewlett-Packard GLC and analyzed in a Hewlett-Packard 5970 series mass selective detector. The GLC system was fitted with a 30 m x 0.25 mm i. 
Derivatization and analysis o f propolis balsam
Propolis was extracted with 70% ethanol. The alcohol was evaporated and the residue dried to obtain the balsam. About 1 mg o f balsam was pre pared for gas chrom atography by derivatization for 30 min at 100 °C with 50 |il pyridine + 100 ^tl BSTFA (including 1% TMCS).
The derivatized samples were separated and analyzed in a Finnigan 1020 autom ated GC-MS as previously described [15] excepting that a 25 m x 0.32 mm ID Thames C hrom atography sili ca column coated with 0.5 (im o f immobilized polydimethylsiloxane was used with a helium pres sure of 76 kN /m 2, and the mass spectrometer was set to scan 4 0 -6 5 0 AM U per nominal 0.6s.
Identification o f compounds
Compounds were identified by com parison of GC R,s and mass spectra of reference compounds. Com ponents of mixed peaks were separated either by a com puter program me aimed at resolving the mass spectral data o f one com pound from over lapping mass spectra of another or by m anual ex amination of single ion reconstructions of the data [16] (see also below). Flavonoid standards were ei ther purchased from Apin Chemicals (Abingdon, U .K .), or from Plantech U .K . (Reading, U .K .), or provided as a gift by Professor E. Wollenweber (Darm stadt, F.R.G .). Other reference com pounds were synthesized as described previously [9] , The GC R ts for the headspace volatiles are given in minutes, because we find hydrocarbons not to be satisfactory retention time standards at low temperatures on polar columns when using Tenax desorption tubes. F or analysis of TM S derivatives by injection on a non polar column retention times are given in methylene units (M U). These M U re tention times are not absolute, but can vary de pending on the condition of the GC column [16] . The M U values in Table II were however calculat ed from a GC-M S run in which a series of straight chain hydrocarbons was added as m arkers to the derivatized propolis balsam sample.
Results

Headspace volatiles
The total ion chrom atogram (TIC) of headspace volatiles is shown in Fig. 1 and the 29 com ponents separated are listed in Table I . M ost of the com pounds have been previously identified in head space volatiles from propolis [17] although some, including 2-methylbutyl acetate2*, isobutyl isobutyrate4, 3-m ethyl-3-buten-l-ol7 and prenyl acetate8 (Table I) have not been previously identified from propolis.
The last peak occurring in the headspace vola tiles (i.e. the least volatile com ponent), benzoic acid29, is the first com pound to elute (as its trimethylsilyl derivative) when entire propolis bal sam is analyzed (Table II) . T he ion cu rren t generated depends on the characteristics o f the c o m p o u n d concerned and is n o t a tru e q u a n tita tio n (see 9) . 
Entire propolis balsam
The entire propolis balsam was derivatized with trimethylsilyl (TMS) reagent to render its com po nents sufficiently volatile for GC-M S analysis. Except for benzoic acid29 the volatile headspace com ponents described above are obscured in this analysis by the TMS solvent front.
The total ion chrom atogram is shown in Fig. 2 , and this chrom atogram is expanded and the com ponents identified in Fig. 3 and Table II . We see 153 peaks of which we identify 142, representing 125 different com pounds (some com pounds occur as two or more TM S derivatives). There will be a num ber of additional com pounds present in low am ounts which are obscured by other, more concentrated, com pounds and which we therefore failed to recognize.
O f the com pounds identified 23 are identified for the first time in propolis (Table II) . The m ajor ity of these are known components either o f poplar bud exudate (malic acid44 [18] , threonic acid48 [18] , coum aryl alcohol67 [10] , citric acid74 [18] , benzyl-2-m ethoxybenzoate80
[10], 4-hydroxybenzyl benzoate92 [10] , cinnamyl cinnam ate112 [10, 16] , salicin131 [16] , 2',6'-dihydroxy-4',4-dimethoxydihydrochalcone137 [10, 11] , 2',4',6,-trihydroxy- 4-m ethoxydihydrochalcone142 [10, 11] , 2',6',4-trihydroxy-4'-methoxydihydrochalcone145 [10, 11] , and geranyl /ra«s-caffeate161 [19] or o f beeswax (14-hydroxypalmitic acid108 [20] , 15-hydroxypalmitic acid109 [20] and 17-hydroxystearic acid126 [20] ), although the organic acids could equally be the product of bee metabolism.
We have already dem onstrated that many lower molecular weight flavonoids can be successfully lo cated from the mass spectrometry data by single ion reconstructions (SIR) of their characteristic [M -1 5 ]+ ions [16] . The higher molecular weight tetrahydroxy-168-170 and pentahydroxyflavones175-180 and their methyl ethers171-174-176" 179'181 can similar ly be located by SIR of their [M-15]+ ions (Fig. 4) although they are only present as m inor peaks. In most cases the mass spectra of such small peaks are not sufficiently detailed in themselves to accu rately identify the com pounds present, and these must then be identified by their GC retention times. We do not currently have retention time data for the full range of methyl ethers of kaempferol and quercetin and can only therefore positively identify some of these com pounds (Table II) . These higher molecular weight flavones do not transm it well through a GC column and their percentage occurrence may be seriously un derestimated by GC-M S analysis [9] ,
Origin o f propolis balsam
Bud exudate of Section Aigeiros poplars has a characteristic composition, which is different from that o f Section Tacam ahaca poplars [10] [11] [12] [13] [14] 21] . O f the com pounds identified in this propolis sam ple some, such as pinobanksin132 and pinobanksin esters137' 141147 156-157,162 are characteristic of bud ex udate of Section Aigeiros poplars, whereas others, such as the dihydrochalcones113-117-137142145 and sesquiterpenols56-61 are characteristic of bud exu date of Section Tacam ahaca poplars. The very complex chrom atogram obtained from the propo lis sample analyzed here is typical of the intersec tional hybrids between Section Aigeiros and Sec tion Tacam ahaca poplars. * R h a m n e tin 178 (3,5,3',4'-tetrahydroxy-7-m ethoxyflavone tetra-T M S ) has, as a m inor ion, in its m ass spectrum m /z = 501, and is therefore also located in this single ion reconstruction.
In 1979, in a m ajor review o f propolis and its an timicrobial properties [5] , Ghisalberti concluded " M any of the claims made about the pharm acol ogical activity of propolis have not been well con firmed, but it nevertheless seems likely that p ro polis will be used increasingly for commercial pur poses. It is abundantly clear that it will have to be studied much more before it can be properly con sidered for therapeutic purposes; because its con stitution is largely unknown, propolis should not be recommended in medicines" . Whereas Ghisalberti's prediction concerning the increased use of propolis for commercial purposes has been cor rect, and more is now known of the allergenic properties o f propolis [24] [25] [26] , there have been few attem pts to study the variability of propolis or to define its constituents in detail.
The prim ary source of the plant exudate incor porated into propolis in the N orthern Hemisphere is bud exudate of poplar trees [1, 7, 8] and the com position of propolis is therefore directly related to the com position of the poplar bud exudate collect ed by the bees. Each species or clone of poplar has its own characteristic mixture of com pounds in its bud exudate [22, 23] and there can be considerable differences in bud exudate composition between different poplar species [10] [11] [12] [13] [14] . Propolis is poten tially, therefore, a very variable product, both in
D iscussion
its content of com pounds with desirable antim i crobial activity, and in its content of undesirable allergens, such as prenyl caffeate"5 [1] .
Propolis from the N orthern Hemisphere has previously incorporated bud exudates collected primarily from P. nigra and its widespread hybrids with P. deltoides (i.e. P. x euramericana), and has contained com pounds typical o f these trees [1, 7, 8] . However the propolis analyzed here also con tains, in quantity, additional compounds (such as dihydrochalcones) which occur in bud exudate of Section Tacam ahaca poplars. It probably origi nates from one of the recently introduced intersec tional hybrids, such as the P. x interamericana Van Brockhuizen (P. deltoides x p m trichocarpa Torr, and Gray) clones.
The selection o f poplars for forestry and aboricultural uses will inevitably alter in response to the increasing introduction of new and improved clones of intersectional hybrid poplars. Many such improved clones are now becoming available and each will have a distinctive, and different, bud exu date com position [23] . Propolis manufactured by bees from bud exudate of these new clones will re flect these differences in composition. The use of such a potentially variable and complex product in commercial pharmaceutical preparations without establishing the com position of the particular pro polis used is perhaps questionable.
